Introduction {#s1}
============

The gut acts as a key regulator of glucose homeostasis. It influences appetite, gastric emptying, intestinal motility, digestion, and absorption of nutrients, as well as insulin secretion from the pancreas through hormonal secretion and nervous signaling ([@bib13]). Whereas the role of the small intestine in glucose homeostasis has been well elucidated ([@bib14]), the role of the colon is less clear. The growing interest in the gut microbiota has led to an increased focus on colonic pathophysiology since the vast majority of gut microbes resides in the colon. It has been shown that patients with type 2 diabetes harbor an altered fecal microbiota ([@bib21]; [@bib18]; [@bib28]), but it is unknown whether it is causally involved in the pathogenesis of type 2 diabetes ([@bib1]; [@bib15]; [@bib22]). Whereas some mechanistic studies in mice suggest that obesity and its related phenotypes can be transmitted via the fecal microbiota ([@bib3]; [@bib30]), elimination of the gut microbiota by antibiotics in humans, does not seem to have any short-term effect on glucose regulation ([@bib23]; [@bib29]; [@bib36]).

In addition to hosting the gut microbiota, the colon also serves as an endocrine organ. Glucagon-like peptide 1 (GLP-1) secreted by L-cells in the small intestine augments insulin secretion from the pancreatic β-cells in response to a meal ([@bib13]). L-cells are, however, not only present in the small intestine but also in the colon, where the cell density increases from the proximal colon to the rectum ([@bib9]; [@bib12]; [@bib17]). Accordingly, it has been shown that biologically active GLP-1 is present in colonic tissue in concentrations, which are similar to those in the small intestine ([@bib6]), but the physiological role of colonic GLP-1 remains elusive. In addition to GLP-1, colonic L cells also secrete the appetite-reducing hormone peptide YY (PYY) ([@bib34]).

Patients who have undergone resection of the entire colon or parts of it, here denoted colectomy, may serve as an evident opportunity to study the role of the colon in health and disease ([@bib16]). Glucose regulation in patients with colectomy has been examined in a few previous studies, the largest of which included 21 patients, and although results are not clear-cut, they suggest that colectomy may influence the entero-insulinar axis ([@bib5]; [@bib24]; [@bib26]). On one hand, based on studies showing that mice raised in the absence of microorganisms have less body fat and are less insulin resistant, removal of the human gut microbiota by colectomy may be expected to result in a reduced risk of type 2 diabetes ([@bib3]). On the other hand, removal of GLP-1 and PYY producing L-cells by colectomy may be expected to lead to an increased risk of type 2 diabetes.

In the present study, we tested the hypothesis that total and partial colectomy is associated with an altered risk of type 2 diabetes. For this purpose, we used the nationwide Danish National Patient Register to compare the frequency of clinically recorded type 2 diabetes in patients who had a colectomy with patients who had other types of surgeries not involving the gastrointestinal tract.

Results {#s2}
=======

We identified 8946 individuals with total colectomy and 90,594 individuals with partial colectomy or proctectomy in the Danish National Patient Register. As explained in detail in Materials and methods, we based our main analyses on those who were alive and who did not have a diagnosis of diabetes recorded during the first 1000 days after the surgery. Patients with records of total colectomy at different dates or more than one partial colectomy, patients younger than 30 years, patients who died within the first 1000 days of follow-up, patients diagnosed with diabetes before surgery or within the first 1000 days after surgery, and patients who had a follow-up time shorter than 1000 days were excluded ([Figure 1](#fig1){ref-type="fig"}). Thus, we included 46,279 patients who had undergone total colectomy, partial colectomy, or proctectomy. For comparison, we identified a total of 694,110 age, sex, and year of surgery matched non-colectomy patients who had undergone other types of surgery not involving the gastrointestinal tract ([Table 1](#table1){ref-type="table"}). Mean (SD) follow-up time was 7.1 (5.2), 5.6 (4.6), 6.3 (4.7), 5.7 (4.8), 6.4 (4.9), 5.8 (4.8) years for patients with total colectomy, right hemicolectomy, resection of the transverse colon, left hemicolectomy, sigmoidectomy, and proctectomy, respectively.

![Study design.\
The chart illustrates the number of eligible patients, number of patients excluded and reasons for exclusions, and the final number of patients included. For each colectomy patient, 15 non-colectomy patients were selected among (1) patients who had undergone orthopedic surgery, (2) patients who had undergone abdominal surgery leaving the gastrointestinal tract intact, and (3) patients who had undergone other surgery, unrelated to the gastrointestinal tract. Five non-colectomy patients were selected from each surgery group resulting in inclusion of a total of 694,110 non-colectomy patients matched on age, sex, and year of surgery. Non-colectomy patients were selected using sampling with replacement wherefore the total number of matches are slightly lower than the total number of colectomy patients times 15. Total colectomy includes colectomy and proctocolectomy. T2D: clinically recorded type 2 diabetes.](elife-37420-fig1){#fig1}
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###### Characteristics of the study population.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                   Patients with colectomy or proctectomy   Non-colectomy patients                                                                                             
  -------------------------------- ---------------------------------------- ------------------------ -------------- ------------ ----------- ------------ ----------- ------------ ----------- ------------
                                   No.\                                     Age, years               No.\           Age, years   No.\        Age, years   No.\        Age, years   No.\        Age, years
                                   (% women)                                                         (% women)                   (% women)                (% women)                (% women)   

  Total colectomy                  3793\                                    54.6\                    56,895\        54.6\        18,965\     54.6\        18,965\     54.6\        18,965\     54.6\
                                   (50)                                     (15)                     (50)           (15)         (50)        (15)         (50)        (15)         (50)        (15)

  Right hemicolectomy              10,989\                                  68.1\                    164,815 (60)   68.0\        54,940\     68.0\        54,940\     68.0\        54,935\     67.9\
                                   (61)                                     (13)                                    (13)         (60)        (13)         (60)        (13)         (60)        (13)

  Resection of colon transversum   673\                                     66.6\                    10,085\        66.5\        3365\       66.5\        3360\       66.5\        3360\       66.5\
                                   (61)                                     (14)                     (60)           (14)         (61)        (14)         (60)        (13)         (60)        (14)

  Left hemicolectomy               2513\                                    66.4\                    37,685\        66.3\        12,560\     66.3\        12,560\     66.3\        12,565\     66.2\
                                   (53)                                     (12)                     (53)           (12)         (53)        (12)         (53)        (12)         (53)        (12)

  Sigmoidectomy                    13,927\                                  65.0\                    208,880 (53)   64.9\        69,635\     65.0\        69,620\     64.9\        69,625\     64.9\
                                   (53)                                     (13)                                    (13)         (53)        (13)         (53)        (13)         (53)        (13)

  Proctectomy                      14,384\                                  65.7\                    215,750 (48)   65.6\        71,920\     65.6\        71,915\     65.6\        71,915\     65.6\
                                   (48)                                     (12)                                    (12)         (48)        (12)         (48)        (12)         (48)        (12)
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Total colectomy includes colectomy and proctocolectomy. Age is mean (SD). GI: Gastrointestinal tract.

The outcome was routinely clinically diagnosed type 2 diabetes (hereafter denoted 'diabetes') as recorded in the Danish National Patient Register. [Figure 2](#fig2){ref-type="fig"} shows the time-corresponding cumulative hazards (double Nelson-Aalen plot) of diabetes for colectomy patients vs. non-colectomy patients. The slopes of the curves equalize the hazard ratios (a slope of 1.00 corresponds to a HR of 1.00). The cumulative hazard of diabetes was greater among patients who had undergone total colectomy compared with non-colectomy patients. Correspondingly, the HR of diabetes was 1.40 (95% confidence interval \[CI\], 1.21 to 1.62; p\<0.001) ([Figure 3](#fig3){ref-type="fig"}). The analysis of the risk of diabetes after partial colectomy revealed that the highest cumulative hazard was observed among patients who had undergone left hemicolectomy or sigmoidectomy. Accordingly, the HR was 1.41 (95% CI, 1.19 to 1.67; p\<0.001) for patients who had undergone left hemicolectomy and 1.30 (95% CI, 1.21 to 1.40; p\<0.001) for patients who had undergone sigmoidectomy. Right hemicolectomy was not statistically significantly associated with increased risk of diabetes (HR 1.08 \[95% CI, 0.99 to 1.19; p=0.10\]). Resection of the transverse colon was infrequent, but showed the same estimate, although with wider confidence interval; HR 1.08 (95% CI, 0.76 to 1.54; p=0.66), whereas proctectomy was not associated with increased risk of diabetes; HR 0.98 (95% CI, 0.91 to 1.07; p=0.71).

![Cumulative hazards of clinically recorded type 2 diabetes.\
Cumulative hazards are presented for patients with total colectomy, right hemicolectomy, resection of colon transversum, left hemicolectomy, sigmoidectomy, and proctectomy and for non-colectomy patients. Total colectomy includes colectomy and proctocolectomy. The cumulative hazard was estimated using the Nelson-Aalen estimator. The slopes of the curves equalize the hazard ratios: a slope of 1.00 corresponds to a hazard ratio of 1.00, whereas a slope \>1 implies that colectomy patients have a higher risk of type 2 diabetes compared with non-colectomy patients. The linearity attests to the fulfillment of the assumption of proportional hazards in the Cox regression models.](elife-37420-fig2){#fig2}

![Hazard ratio of clinically recorded type 2 diabetes after colectomy.\
Hazard ratios are presented for total colectomy, right hemicolectomy, resection of colon transversum, left hemicolectomy, sigmoidectomy, and proctectomy. Total colectomy includes colectomy and proctocolectomy. Hazard ratios are adjusted for age, sex, and year of surgery. T2D: clinically recorded type 2 diabetes.](elife-37420-fig3){#fig3}

We stratified patients with colectomy into a group of colorectal cancer patients and a group with other colorectal diseases ([Supplementary file 1](#supp1){ref-type="supplementary-material"} lists the most common diagnoses for the patients with other colorectal diseases). In both groups of patients, total colectomy was associated with increased risk of diabetes ([Table 2](#table2){ref-type="table"}). The HR of diabetes after total colectomy associated with colorectal cancer was 1.61 (95% CI, 1.22 to 2.11, p\<0.001), whereas the HR for total colectomy associated with other colorectal disease was 1.34 (95% CI, 1.13 to 1.59, p\<0.001). Corresponding HRs were 1.24 (95% CI, 1.01 to 1.53, p=0.04) and 1.88 (95% CI, 1.41 to 2.50, p\<0.001) for left hemicolectomy, and 1.11 (95% CI, 0.997 to 1.24, p=0.06) and 1.47 (95% CI, 1.34 to 1.62, p\<0.001) for sigmoidectomy.
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###### Hazard ratio of clinically recorded type 2 diabetes after total colectomy, left hemicolctomy, and sigmoidectomy for patients with co-occurring colon cancer and patients with other colorectal diseases.

  ------------------------------------------------------------------------------------------------------------
                        Patients with colectomy\   Non-colectomy patients\   Hazard ratio (95% CI)   P-value
                        (T2D/total)                (T2D/total)                                       
  --------------------- -------------------------- ------------------------- ----------------------- ---------
  **Total colectomy**   201/3793                   2323/56,895               1.40 (1.21--1.62)       \<0.001

  Colorectal\           56/993                     620/14,895                1.61 (1.22--2.11)       \<0.001
  cancer                                                                                             

  Other colorectal\     145/2800                   1703/42,000               1.34 (1.13--1.59)       \<0.001
  diseases                                                                                           

  **Left**\             145/2513                   1754/37,685               1.41 (1.19--1.67)       \<0.001
  **hemicolectomy**                                                                                  

  Colorectal\           93/1804                    1271/27,050               1.24 (1.01--1.53)       0.04
  cancer                                                                                             

  Other colorectal\     52/709                     483/10,635                1.88 (1.41--2.50)       \<0.001
  diseases                                                                                           

  **Sigmoidectomy**     829/13,927                 10,504/208,880            1.30 (1.21--1.40)       \<0.001

  Colorectal\           334/6903                   5071/103,520              1.11 (0.997--1.24)      0.06
  cancer                                                                                             

  Other colorectal\     495/7024                   5433/105,360              1.47 (1.34--1.62)       \<0.001
  diseases                                                                                           
  ------------------------------------------------------------------------------------------------------------

Total colectomy includes colectomy and proctocolectomy. T2D: clinically recorded type 2 diabetes.

If we, instead of following the patients from 1000 days after surgery, followed the patients from the date of surgery, we found a somewhat higher HR of diabetes after total colectomy: HR = 1.72 (95% CI, 1.56 to 1.89), which, however, should be interpreted with caution due to non-proportional hazards. In contrast, HRs of diabetes after left hemicolectomy and sigmoidectomy remained similar to results from the main analyses ([Supplementary file 2](#supp2){ref-type="supplementary-material"}). When follow-up time began 500 days after surgery or 1500 days after surgery we observed similar HRs of diabetes as compared to the main analyses ([Supplementary file 2](#supp2){ref-type="supplementary-material"}).

Discussion {#s3}
==========

In the present nationwide study, we observed an increased risk of diabetes in colectomy patients. The risk was highest among individuals who had the left part of the colon removed, whereas resection of the rectum was not associated with any change in risk of diabetes. Moreover, we observed an increased risk of diabetes irrespective of whether the patients had co-occurring colorectal cancer or other underlying diseases.

A major strength of the present work is its nationwide nature allowing inclusion of many thousands of patients who have had colectomies and a large number of non-colectomy patients leading to relatively narrow confidence intervals of the hazard ratios observed. Moreover, the data allowed by study design to control for known confounding by sex and age as well as the possible confounding factors implicit in the time period and factors influencing the decision-making to refer to and conduct surgery in general. However, various limitations of our study must be considered in the interpretation of the results as indicating a causal relation of colectomy to later diabetes risk. We did not have information on several other potential confounders, precluding adjustment for them. This implies the possibility that the reported estimates may be positively biased. Colorectal cancer is associated with adiposity ([@bib25]), which is also a major risk factor for diabetes, wherefore adiposity may confound our results. However, based on previously published data ([@bib4]), it can be calculated that if differences in BMI were to fully account for our observed HR of 1.4 of diabetes, a BMI difference of 3 units (equaling a difference of 9 kg for individuals 175 cm tall) would be necessary. Another important potential confounder that we did not account for is medication. However, the direction of medication effects on risk of diabetes is likely ambiguous. For example, whereas corticosteroids used for treatment of inflammatory bowel disease have well-documented side-effects resulting in impaired glucose regulation, biologicals such as tumor necrosis factor-α antagonists may alleviate inflammation and therefore potentially improve glucose regulation ([@bib2]; [@bib27]; [@bib33]; [@bib35]). As the effects of medication on glucose regulation are ambiguous, and since we observed an enhanced risk of diabetes among patients with colorectal cancer and other colorectal diseases, it seems unlikely that our findings are due to differences in medication. Also, confounding by indication, that is, the indication for the colectomy --- in this case the underlying disease --- may bias our results. Hence, the underlying disease may, either through its effect on the normal colonic function or via other pathways, directly increase the risk of diabetes. Likely, the fact that we achieved similar results when we started the follow-up time 1000 days after the surgery in our main analyses or 1500 days after surgery in the supplemental analyses may speak against such confounding. Last, differences in the life style,for example in physical activity, smoking, dietary habits, including alcohol and coffee drinking, of the colectomy versus the non-colectomy groups may have played a role as confounders.

Another potential limitation of our study is that the outcome was based on data from the Danish National Patient Register, which includes data only on hospital inpatient and outpatient contacts. This implies that patients with undiagnosed diabetes and with diabetes diagnosed outside hospitals, but not recorded later in the hospitals, were missed, and that the observed incidence is an underestimation. On the other hand, it is also possible that the recorded diagnosis of diabetes is wrong. However, as we defined the non-colectomy group as individuals who had undergone various other types of surgery, we presume that the likelihoods of being referred to a hospital or an outpatient clinic, and thus the likelihoods of being registered with a clinical diagnosis of diabetes, are the same in the colectomy and non-colectomy patients. Further, the outcome diabetes based on the diagnosis code E14 (unspecified diabetes) may be subject to misclassification regarding the type of diabetes. The data available does not allow validation of the recorded diagnosis, but to avoid misclassification of type 2 diabetes as type 1 diabetes, we restricted the study population to individuals above 30 years, since type 1 diabetes is much more frequently diagnosed before than after that age. Also, type 1 diabetes is infrequent compared to type 2 diabetes, reducing the risk of significant misclassification in this regard ([@bib7] Facts about diabetes in Denmark <https://diabetes.dk/diabetesforeningen/in-english/facts-about-diabetes-in-denmark.aspx>).

If the observed association between colectomy and excess incidence of diabetes is not simply explained by chance, bias, or confounding, it may represent a causal effect of colectomy on the diabetes risk. Indeed, our prospective design, including a 1000 days delay after surgery, supports causality since the outcome occurred after the exposure and the risk remained equally elevated throughout the follow-up periods. The finding of increased risk following only colectomy including the left part of the colon, but not the remainder part or the rectum, suggests a specific causal effect of that part rather than a general effect of surgery on the colon, which would more likely reflect confounding. Obviously, experimental proof of a direct causal effect of colectomy on diabetes risk in humans is impossible, and epidemiological substitutes, such as instrumental variable analyses, for example by Mendelian randomization, may not be feasible. However, assuming causality may inspire investigations of the possible biological mechanisms that may have induced the association between colectomy and diabetes risk.

Thus, it may be speculated that our findings are explained by removal of GLP-1 producing cells or alterations of the colonic gut microbiota composition and function. Recent studies suggest that modifications in GLP-1 release are directly involved in both development of diabetes ([@bib10]) and diabetes remission after gastric bypass ([@bib14]). However, the physiological role of GLP-1 secreted from the colon is unclear. Interestingly, the L-cell density increases from the proximal to the distal colon ([@bib9]; [@bib12]), and accordingly, we observed the highest risk among individuals who had the left part of the colon removed. The bacterial load also increases along the length of the colon ([@bib8]), and colectomies involving the left part of the colon therefore likely lead to removal of a larger part of the colonic microbiota than colectomies involving the right part of the colon. Notably however, it has been shown that ileocolonic resection leads to an altered colonization of the neo-terminal ileum ([@bib11]) suggesting that removal of the colonic gut microbiota may be somewhat compensated for by over-colonization of the remaining parts of the gastrointestinal tract. Such bacterial overgrowth may well change the microbiota-mediated conversion of primary bile acids to secondary bile acids, which through their hormone-like actions impact glucose metabolism ([@bib31]). In our study, proctectomy was, with quite narrow upper confidence limits, not associated with an increased risk of diabetes. This may be explained by the fact that feces, and thus bacteria and other stimuli of L-cells, is only present in the rectum during the short time periods preceding defecation, thus hindering continuous signaling between the lumen of the rectum and extra-intestinal tissues. Last, the removal of the entire colon or a part of it might influence the exchanges between the gut epithelium and ingested food and fluids, especially due to an altered bacterial degradation of otherwise indigestible fibers to short-chain fatty acids, which could in turn have an impact upon diabetes development ([@bib1]).

Among the previous studies that have examined glucose regulation in colectomy patients ([@bib5]; [@bib24]; [@bib26]), the largest included 10 patients with an ileo-anal reservoir and 11 patients with an ileostomy who underwent an oral glucose tolerance test ([@bib26]). Compared with 10 healthy individuals, colectomy individuals had higher peak levels of plasma glucose and higher peak levels and area under the curve of plasma insulin suggesting impaired glucose tolerance and hyperinsulinemia. However, the healthy controls had lower body weight compared with the patients, and no major differences in plasma GLP-1 levels were observed ([@bib26]). The prior evidence from these studies for an association between colectomy and impaired glucose regulation is thus conflicting. In a previous study also based on the Danish National Patient Register, we found no corresponding difference in cardiovascular disease risk between individuals who had undergone a total colectomy and individuals who had undergone other types of surgeries leaving the gastrointestinal tract intact ([@bib16]). While we would expect that an increased risk of diabetes would associate with subsequent increased risk of cardiovascular diseases, this discrepancy may be explained by the limited follow-up time, not allowing presence of diabetes yet to be manifested in increased cardiovascular risk.

In conclusion, we observed an increased risk of clinically recorded type 2 diabetes among patients who had undergone total and partial colectomy with the risk being elevated only among individuals who had the left part of the colon removed. The increased risk of diabetes was observed in patients with colorectal cancer as well as in patients with other colorectal diseases. As our findings are based solely on register data, clinical-physiological studies are warranted to establish whether colectomy per se is associated with metabolic alterations indicating an increased risk of type 2 diabetes, and to understand the role of the colon in glucose homeostasis. Such studies could include comparisons of plasma glucose, insulin, and incretin hormone levels during a meal tolerance test before and after different types of colectomy with careful control for likely confounding factors such as those discussed above.

Materials and methods {#s4}
=====================

Study population and design {#s4-1}
---------------------------

The study is based on data from the Danish National Patient Register, which covers hospital inpatient and outpatient contacts for Danish patients from 1994 and onwards ([@bib20]). Based on the Nordic Classification of Surgical Procedures (NCSP, 1996 -- 2015) and the Danish Surgical Procedure and Treatment Classification version 3 (DOTC, 1994 -- 1995), we identified patients who had undergone total colectomy (with and without resection of rectum), partial colectomy, or resection of the rectum (proctectomy). We grouped partial colectomies into right hemicolectomy, resection of the transverse colon, left hemicolectomy, and sigmoidectomy ([Supplementary file 3](#supp3){ref-type="supplementary-material"}). We considered patients who had total colectomy (without resection of rectum) followed by resection of rectum as having a proctocolectomy at the date of rectum resection. For patients who had partial and later total colectomy, we disregarded the preceding partial removals.

The selection of non-colectomy patients from the register was carried out among patients who had undergone other types of surgery not involving the gastrointestinal tract. Thus, the non-colectomy patients were selected from three groups of patients, and we selected five non-colectomy patients per colectomy patient from each group: (1) patients who had undergone orthopedic surgery, (2) patients who had undergone abdominal surgery leaving the gastrointestinal tract intact, and (3) patients who had undergone other surgery, unrelated to the gastrointestinal tract ([Supplementary file 4](#supp4){ref-type="supplementary-material"}). Non-colectomy patients were matched to colectomy patients by sex, year of birth (±1 year), and date of surgery (±1 year). If there were more than five patients available within each of the three surgical groups, we randomly selected five patients. The same series of matching patients may have been used for selection or non-colectomy patients for more than one colectomy patient implying that the individual non-colectomy patient may have been selected more than once (random sampling with replacement).

The outcome, clinically recorded type 2 diabetes, was defined as the International Classification of Diseases, 10th Edition (ICD-10) codes E11 and E14. Dates of deaths were obtained from the Danish Civil Registration System. Individuals who had a diagnosis of diabetes recorded before surgery were excluded.

The project has been reported to the Danish Data Protection Agency (ref 2015-54-0939) and the data extraction has been approved and delivered by Statens Serum Institut (ref FSEID-00001627). Informed consent and assessment of the proposal in scientific ethical committees are not required for registry-based research in Denmark.

Statistical analysis {#s4-2}
--------------------

We analyzed the data using the 'surv package' in R version 3.2.2, and two-sided p-values\<0.05 were considered statistically significant. The cumulative hazard of diabetes was estimated using the Nelson-Aalen estimator. Cox proportional hazards regression models were used to estimate hazard ratios (HRs) of diabetes. A linear relationship between the time-corresponding Nelson-Aalen estimators indicates fulfillment of the assumption of proportional hazards. We based our main analyses on those who were alive and who did not have a diagnosis of diabetes recorded during the first 1000 days after the surgery, for two reasons. First, as expected, colectomy patients had an increased hazard rate of death after surgery, which may reflect postsurgical morbidity possibly influencing diabetes risk for other reasons than effects of colectomy as such; the mortality among patients with total colectomy decreased during this period and stabilized from about 1000 days after surgery ([Supplementary file 5](#supp5){ref-type="supplementary-material"}). Second, diabetes may be associated with the diseases leading to colectomy, and may still be undiagnosed or not recorded at the time of surgery, but possibly so during the first years following surgery. The follow-up time for each participant ended at occurrence of diabetes, death, or at the end of the study, December 18^th^ 2015, whichever came first, and the underlying time scale was time from 1000 days after surgery. None of the participants were lost during follow-up. In supplementary analyses, we examined the risk of diabetes when follow-up time was started at the date of surgery, 500 days after surgery, and 1500 days after surgery. To optimize the efficiency and minimize bias ([@bib32]) of the comparisons of the colectomy and non-colectomy patients, the Cox regression models included adjustment for the matching variables, sex, age and year of surgery. Separate models were fitted for total colectomy and for each type of partial colectomy and proctectomy and their respective non-colectomy patients. To elucidate whether the underlying disease, for which the colectomy was performed, influenced the subsequent risk of diabetes, the study population was stratified into two groups: a group including patients with co-occurrence of colorectal cancer (ICD-10 codes C18-C20) at the date of colectomy and a group including the remaining patients ([Supplementary file 1](#supp1){ref-type="supplementary-material"}).
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Thank you for submitting your article \"Risk of type 2 diabetes after colectomy\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom is a member of our Board of Reviewing Editors, and the evaluation has been overseen by Prabhat Jha as the Senior Editor. The reviewers have opted to remain anonymous.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

The authors present data from a record linkage study in Denmark which has been used to investigate the association between having different types of partial or complete colectomy and future diagnosis of diabetes. The purpose behind such a study is the investigation of the role of the colon in the aetiology of diabetes.

Summary:

The observation made in this paper of an association between colectomy and incident diabetes is potentially important but there are questions about possible confounding that need to be addressed in greater depth and also needs to be mentioned in the Abstract. The authors should follow the suggestion to restructure the Discussion to focus first on the question of whether or not there is a real association before proceeding to discuss whether or not it is likely to be causal and what biological mechanisms may underlie it.

As with all such observational studies the first question is whether there is an association between colectomy and diabetes incidence and secondly whether that association is explained by chance, bias or confounding. The authors have done a good job in largely ruling out the role of chance since the study has been conducted in the context of a national health data registry thus allowing them to include many thousands of patients who have had colectomies and a large number of control patients. The confidence intervals of the hazard ratios observed are generally relatively narrow. However, the problems of confounding are much more difficult to deal with and the paper needs to focus more on how this may affect the results.

Essential revisions:

1\) The researchers have included all patients who have had partial or total colectomy within the national system of Denmark within a specific time period, thus the possibility of selection bias is limited. The national register includes data from hospital inpatient and outpatient contacts and therefore there is limited possibility of information bias either. The outcome is clinically diagnosed type 2 diabetes according to the ICD-10 classification given in the register. We think it would be worth describing this throughout as \"clinically diagnosed type 2 diabetes\" instead of simply saying that the research team as studied the incidence of type 2 diabetes (T2D). The addition of \"clinically diagnosed\" makes two points; firstly that there is a distinction between all diabetes and that which is diagnosed. This is important because any association with diagnosed T2D could be a true association with diabetes or alternatively an association with an increased likelihood of it being diagnosed. Secondly it makes the point that the diagnosis of T2D as opposed to any other form of diabetes is clinical and thus subject to misclassification. The Discussion section of the paper describes the potential for the case ascertainment process to miss cases, but it doesn\'t describe the potential for misclassification.

2\) The major limitation of the analysis, as acknowledged by the authors, is the lack of information on potential confounding variables. However, given these are individuals within the hospital system we were surprised that basic data such as BMI were not available. Can the authors confirm such data are not captured by the Danish hospital system?

3\) The non-colectomy patients are highly selected using individual matching on age, sex and date of surgery, resulting in identical means, SDs and% s in those with and without colectomy (Table 1), so it is unclear what the point was of also adjusting for these variables in the Cox regression models.

4\) Of greater concern is the fact that no other potential confounders were included in the model. The authors highlight this as an issue in the fourth paragraph of the Discussion and discuss why the result may not be explained by adiposity or medication; however, even if there is a true association, the inability to adjust for multiple potential confounders (not just BMI and medication, but also activity, diet and smoking) means that the reported estimates are likely to be positively biased, so the statement that the work \"enables a precise estimation of the association\" is highly questionable. The lack of data on and adjustment for confounders is a major limitation which should also be stated in the Abstract.

5\) In the Discussion, it is noted: \"However, we observed a similar risk of type 2 diabetes in patients with colorectal cancer or other colorectal diseases suggesting that adiposity does not account for our results.\" However, adiposity may also be a risk factor for the other colorectal diseases (whatever they might be). In any case, the authors really cannot get around the lack of such data and the interpretation of the results should be conducted with this in mind.

6\) Figure 2 claims to plot cumulative hazard for colectomy vs. non-colectomy patients, but cumulative hazard is a function of time, so it is not clear what is being presented here, or whether this type of plot is actually useful. It would be preferable to see Kaplan-Meier plots of cumulative survival (or failure) over time for the colectomy and non-colectomy groups. The statement "Compared with the control patients, the cumulative hazard of type 2 diabetes was greater among patients who had undergone total colectomy (Figure 2)" also needs to be clarified.

7\) Having considered whether the association is true and not a reflection of chance, bias and confounding, the next question is whether it is likely to be causal. Of the criteria used to investigate the likelihood of causality, biological plausibility is one of the weakest but within the Discussion section of this paper is given rather too much prominence and is considered almost at the beginning of the discussion and is quite lengthy. A restructuring of the Discussion might be considered so that it is clear to begin with that the observation is an association between colectomy and incidence of clinically diagnosed T2D. Alternative explanations for the observed association should then be considered before the issues of possible causality are discussed, of which biological plausibility is only one.

8\) Even if it is cited in the Introduction (first paragraph), the role of the gut in the absorption of nutrients is not considered a possible factor in influencing the development of diabetes. However, the removal of the entire colon or a part of it might influence the exchanges between the gut epithelium and ingested food and fluids, and hence modify the absorption of nutrients which could in turn impact upon diabetes development. This should be indicated as a possible explanation for why colectomy might raise diabetes risk.

9\) The final section of the Discussion mentions the need for \"clinical-physiological studies\" to establish whether colectomy per se is associated with an increased risk of diabetes. It is not clear what the authors mean by this and this should be clarified. They also state that an implication of this paper is that clinicians should be aware of this risk to improve the long-term health of this patient group. Given that the risk increase is relatively small and the authors have been unable to deal with confounding by a whole series of individual-level confounding factors, it does seem a bit of a leap to suggest that a major implication of this study is clinical. It is more likely that the implications lie in understanding the role of the colon in glucose homeostasis.
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Author response

> Essential revisions:
>
> 1\) The researchers have included all patients who have had partial or total colectomy within the national system of Denmark within a specific time period, thus the possibility of selection bias is limited. The national register includes data from hospital inpatient and outpatient contacts and therefore there is limited possibility of information bias either. The outcome is clinically diagnosed type 2 diabetes according to the ICD-10 classification given in the register. We think it would be worth describing this throughout as \"clinically diagnosed type 2 diabetes\" instead of simply saying that the research team as studied the incidence of type 2 diabetes (T2D). The addition of \"clinically diagnosed\" makes two points; firstly that there is a distinction between all diabetes and that which is diagnosed. This is important because any association with diagnosed T2D could be a true association with diabetes or alternatively an association with an increased likelihood of it being diagnosed. Secondly it makes the point that the diagnosis of T2D as opposed to any other form of diabetes is clinical and thus subject to misclassification. The Discussion section of the paper describes the potential for the case ascertainment process to miss cases, but it doesn\'t describe the potential for misclassification.

We accept the arguments for making this aspect more explicit. However, we suggest that it would be even more precise to say, 'clinically recorded type 2 diabetes'. In the present nationwide study population, the diagnosis of diabetes will always be the result of a clinical procedure carried out at the hospital contact, where it is recorded or earlier, e.g. by the general practitioners. We use the information about type 2 diabetes when it is recorded for the first time in the patient register, i.e. at a hospital contact. Therefore, we have specified that the study is based on 'clinically recorded type 2 diabetes' in the title (which has consequently been slightly modified), the Abstract, the end of the Introduction, the beginning of the Results section, the Materials and methods section, and in the headings of the tables and the figure legends, but we suggest that it makes the text rather heavy-going by using the full phrase throughout the manuscript.

We have added a description of the possible misclassification regarding the type of diabetes in the Discussion section:

"Further, the outcome diabetes based on the diagnosis code E14 (unspecified diabetes) may be subject to misclassification regarding the type of diabetes. \[...\] Also, type 1 diabetes is infrequent compared to type 2 diabetes, reducing the risk of significant misclassification in this regard (\"Diabetesforeningen. Facts about diabetes in Denmark (https://diabetes.dk/diabetesforeningen/in-english/facts-about-diabetes-in-denmark.aspx)\")."

> 2\) The major limitation of the analysis, as acknowledged by the authors, is the lack of information on potential confounding variables. However, given these are individuals within the hospital system we were surprised that basic data such as BMI were not available. Can the authors confirm such data are not captured by the Danish hospital system?

Unfortunately, we do not have access to individual hospital records, where such information may be included. We can confirm that data on BMI is not captured in the Danish National Patient Register. The register contains information such as hospital departments, diagnoses and operation codes, and date for hospital arrival and departure, outpatients contacts, and surgical procedures. However, no information on anthropometrics is registered.

> 3\) The non-colectomy patients are highly selected using individual matching on age, sex and date of surgery, resulting in identical means, SDs and% s in those with and without colectomy (Table 1), so it is unclear what the point was of also adjusting for these variables in the Cox regression models.

The sampling procedure implies that the most efficient and unbiased comparison is based on each colectomy patient with the matched non-colectomy patients. The non-colectomy patients matched to other colectomy patients different in sex, age and date of surgery (of potential great influence on risk of diabetes) may not be valid for that comparison. To maintain these strengths of the matched comparisons, we added the matching variables to the regression models. Accordingly, in a methods paper from Sjölander and Greenland (2013) conclude that 'ignoring the matching variables in a cohort study can leave bias if there are additional confounders, even with adjustment for the additional confounders. This bias can be avoided by adjusting for the matching variables.'

We have modified the text in the Materials and methods section (including a reference to the above-mentioned paper) accordingly:

"To optimize the efficiency and minimize bias (Sjolander & Greenland, 2013) of the comparisons of the colectomy and non-colectomy patients, the Cox regression models included adjustment for the matching variables, sex, age and year of surgery."

> 4\) Of greater concern is the fact that no other potential confounders were included in the model. The authors highlight this as an issue in the fourth paragraph of the Discussion and discuss why the result may not be explained by adiposity or medication; however, even if there is a true association, the inability to adjust for multiple potential confounders (not just BMI and medication, but also activity, diet and smoking) means that the reported estimates are likely to be positively biased, so the statement that the work \"enables a precise estimation of the association\" is highly questionable. The lack of data on and adjustment for confounders is a major limitation which should also be stated in the Abstract.

We agree that there may be a risk of uncontrolled confounding that leads to positively biased estimates, and we also agree that there may be other known, as those mentioned, or even unknown confounders beyond those focused upon in our Discussion.

With the statement about 'precise estimation', we refer to the narrowness of the confidence intervals. However, we acknowledge that it may be mistaken for 'accuracy' (or 'validity'), which may well be affected by the possible biases and confounding. Accordingly, we have deleted the statement, and instead, based on the general comment above, we say:

"A major strength of the present work is its nationwide nature allowing inclusion of many thousands of patients who have had colectomies and a large number of matched non-colectomy patients leading to relatively narrow confidence intervals of the hazard ratios observed."

Additionally, we have added this sentence to the Abstract:

"Although we were not able to adjust for several potential confounders, our findings ...".

> 5\) In the Discussion, it is noted: \"However, we observed a similar risk of type 2 diabetes in patients with colorectal cancer or other colorectal diseases suggesting that adiposity does not account for our results.\" However, adiposity may also be a risk factor for the other colorectal diseases (whatever they might be). In any case, the authors really cannot get around the lack of such data and the interpretation of the results should be conducted with this in mind.

We acknowledge this argument and accordingly, we have deleted this sentence from the Discussion.

> 6\) Figure 2 claims to plot cumulative hazard for colectomy vs. non-colectomy patients, but cumulative hazard is a function of time, so it is not clear what is being presented here, or whether this type of plot is actually useful. It would be preferable to see Kaplan-Meier plots of cumulative survival (or failure) over time for the colectomy and non-colectomy groups. The statement "Compared with the control patients, the cumulative hazard of type 2 diabetes was greater among patients who had undergone total colectomy (Figure 2)" also needs to be clarified.

Kaplan-Meier plots of cumulative survival (or failure) probabilities would not be interpretable in the type of data analyzed here. There are two options for making such plots, both of which will be based on invalid assumptions. If patients who die during follow-up without having had the diagnosis of diabetes recorded are censored in the analysis, then the estimated probabilities in the Kaplan-Meier plots will assume that the patients who die are still alive with the same diabetes risk as before, which makes no sense. If a combined end-point of diabetes or death is used instead, the comparisons between the colectomy and non-colectomy patients will be biased because of different mortality in these groups, especially for the patients after total colectomy as shown in Supplementary file 5. These problems of using conditional cumulative probabilities are avoided by estimating Nelson-Aalen cumulative hazards over time as we have done it in Supplementary file 5. One option to show the time-dependency of the emergence type 2 diabetes (as recorded for the first time) could be to show such graphs for all types of colectomy and their respective non-colectomy groups. However, we think such graphs will be overwhelming and difficult to read, and they will add little to answering the key question about the difference in risk (hazard) over time across the colectomy and non-colectomy groups. By plotting the time-corresponding cumulative hazard (double Nelson-Aalen plot) as done in Figure 2, we get an optimal representation of the hazard ratios over time, because the slope of the curves equalizes the hazard ratios (a slope of 1.00 is a hazard ratio of 1.00). At the same token, these plots show that the fundamental assumption of the Cox regression analysis of proportional hazards over time is fulfilled by the curves being approximately straight lines. Therefore, we would suggest that we maintain the presentations as done in Figure 2. To secure the correct interpretation by the readers, we have added this text:

-- Methods section: "The cumulative hazard of diabetes was estimated using the Nelson-Aale estimator. \[...\] A linear relationship between the time-corresponding Nelson-Aalen estimators indicates fulfillment of the assumption of proportional hazards."

-- Results section: "Figure 2 shows the time-corresponding cumulative hazard (double Nelson-Aalen plot) of diabetes for colectomy patients vs. non-colectomy patients. The slopes of the curves equalize the hazard ratios (a slope of 1.00 corresponds to a HR of 1.00)."

-- Figure 2 legend: "The cumulative hazard was estimated using the Nelson-Aalen estimator. \[...\] The linearity attests to the fulfillment of the assumption of proportional hazards in the Cox regression models."

Furthermore, we have clarified the statement: "The cumulative hazard of diabetes was greater among patients who had undergone total colectomy compared with non-colectomy patients."

> 7\) Having considered whether the association is true and not a reflection of chance, bias and confounding, the next question is whether it is likely to be causal. Of the criteria used to investigate the likelihood of causality, biological plausibility is one of the weakest but within the Discussion section of this paper is given rather too much prominence and is considered almost at the beginning of the discussion and is quite lengthy. A restructuring of the Discussion might be considered so that it is clear to begin with that the observation is an association between colectomy and incidence of clinically diagnosed T2D. Alternative explanations for the observed association should then be considered before the issues of possible causality are discussed, of which biological plausibility is only one.

Whereas we of course agree that biological plausibility is just one, and usually also a weak, indicator of causality, we do suggest that it is the possible biological explanations of the observations that make them particularly interesting from a biomedical point of view. However, we have complied with the request by restructuring the discussion, which now underlines the importance of confounding and bias first, followed by a discussion of possible causality and ending with a paragraph on biological plausibility, which has been shortened.

> 8\) Even if it is cited in the Introduction (first paragraph), the role of the gut in the absorption of nutrients is not considered a possible factor in influencing the development of diabetes. However, the removal of the entire colon or a part of it might influence the exchanges between the gut epithelium and ingested food and fluids, and hence modify the absorption of nutrients which could in turn impact upon diabetes development. This should be indicated as a possible explanation for why colectomy might raise diabetes risk.

We agree that especially removal of the entire colon and perhaps the right part may affect the absorption, also because of compensatory mucosal adaptations in the small intestine. We find it less likely that isolated removal of the left colon or the sigmoid colon would have such general effects on nutrient absorption, but there may be effects on specific nutrients, e.g. short-chain fatty acids, produced in the colon by bacterial degradation of the otherwise indigestible fibers. We have added this sentence to the Discussion:

"Last, the removal of the entire colon or a part of it might influence the exchanges between the gut epithelium and ingested food and fluids, especially due to an altered bacterial degradation of otherwise indigestible fibers to short-chain fatty acids, which could in turn have an impact upon diabetes development (Allin et al., 2015)."

> 9\) The final section of the Discussion mentions the need for \"clinical-physiological studies\" to establish whether colectomy per se is associated with an increased risk of diabetes. It is not clear what the authors mean by this and this should be clarified. They also state that an implication of this paper is that clinicians should be aware of this risk to improve the long-term health of this patient group. Given that the risk increase is relatively small and the authors have been unable to deal with confounding by a whole series of individual-level confounding factors, it does seem a bit of a leap to suggest that a major implication of this study is clinical. It is more likely that the implications lie in understanding the role of the colon in glucose homeostasis.

We have added this sentence to the Discussion:

"Such studies could include comparisons of plasma glucose, insulin, and incretin hormone levels during a meal tolerance test before and after different types of colectomy with careful control for likely confounding factors such as those discussed above."

We have deleted the last sentence in the Discussion about the relevance of the findings for the clinicians.

[^1]: These authors contributed equally to this work.

[^2]: These authors also contributed equally to this work.
